Aims: To describe acid-base derangements in children following open cardiac surgery on cardiopulmonary bypass (CPB), using the Fencl-Stewart strong ion approach. Methods: Prospective observational study set in the paediatric intensive care unit (PICU) of a university children's hospital. Arterial blood gas parameters, serum electrolytes, strong ion difference, strong ion gap (SIG), and partitioned base excess (BE) were measured and calculated on admission to PICU. Results: A total of 97 children, median age 57 months (range 0.03-166), median weight 14 kg (range 2.1-50), were studied. Median CPB time was 80 minutes (range 17-232). Predicted mortality was 2% and there was a single non-survivor. These children showed mild metabolic acidosis (median standard bicarbonate 20.1 mmol/l, BE 25.1 mEq/l) characterised by hyperchloraemia (median corrected Cl 113 mmol/l), and hypoalbuminaemia (median albumin 30 g/l), but no significant excess unmeasured anions or cations (median SIG 0.7 mEq/l). The major determinants of the net BE were the chloride and albumin components (chloride effect 24.8 mEq/l, albumin effect +3.4 mEq/l). Metabolic acidosis occurred in 72 children (74%) but was not associated with increased morbidity. Hyperchloraemia was a causative factor in 53 children (74%) with metabolic acidosis. Three (4%) hyperchloraemic children required adrenaline for inotropic support, compared to eight children (28%) without hyperchloraemia. Hypoalbuminaemia was associated with longer duration of inotropic support and PICU stay. Conclusions: In these children with low mortality following open cardiac surgery, hypoalbuminaemia and hyperchloraemia were the predominant acid-base abnormalities. Hyperchloraemia was associated with reduced requirement for adrenaline therapy. It is suggested that hyperchloraemic metabolic acidosis is a benign phenomenon that should not prompt escalation of haemodynamic support. By contrast, hypoalbuminaemia, an alkalinising force, was associated with prolonged requirement for intensive care.
T he presence of metabolic acidosis in a child following cardiac surgery might prompt the clinician to escalate haemodynamic support, based on the assumption that metabolic acidosis signifies low cardiac output, poor tissue perfusion, and increased risk of adverse events. [1] [2] [3] [4] [5] There are pitfalls in this approach, since outcome in critically ill children may depend on the underlying mechanism (lactate, chloride, unmeasured anions), rather than the magnitude of the acidosis. 6 Hyperlactataemia following cardiac surgery has been associated with postoperative adverse events and mortality. 4 5 7 8 However, mild lactic acidosis following cardiac surgery on cardiopulmonary bypass (CPB) does not necessarily signify regional tissue hypoxia or intraoperative oxygen debt, since it may be influenced by confounding factors such as glycolytic flux, or pyruvate dehydrogenase inhibition. [9] [10] [11] Postoperative metabolic acidosis may also be influenced by the choice of fluid used to prime the CPB circuit, contributing to hyperlactataemia, hyperchloraemia, or increase of unmeasured anions. [12] [13] [14] [15] However, in contrast to hyperlactataemia, the clinical significance of hyperchloraemic acidosis following cardiac surgery with CPB is unclear. 4 5 7 8 We speculated that metabolic acidosis following open cardiac surgery in children is more often due to hyperchloraemia, rather than to hyperlactataemia, and secondly, that hyperchloraemic metabolic acidosis is a benign phenomenon that should not prompt escalation of cardiac support in the immediate postoperative period. This study attempts to delineate the mechanism and clinical significance of acidbase derangements in children following open cardiac surgery, in terms of a modified Fencl-Stewart strong ion approach.
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METHODS
The study was set in the paediatric intensive care unit (PICU) of a university children's hospital in Cape Town, South Africa. This regional PICU is staffed for 18-22 beds, admits approximately 1200 children per year, and has full time paediatric intensivist cover. The children's hospital functions as the paediatric cardiology and cardiothoracic surgical referral centre for the Western Cape Province, which has a population of approximately 4 million people. Between 250 and 300 paediatric cardiac operations are performed per annum, of which approximately 170 are open cases using CPB. Neither surgical palliation of hypoplastic left heart syndrome (Norwood procedure), nor extracorporeal membrane oxygenation (ECMO), are currently offered at this centre.
All children admitted to the PICU following CPB for surgical correction of congenital or acquired heart defects during the calendar year 2003 were screened for enrolment, during the duty periods of the principal investigator (MH). Cardiopulmonary bypass was the only criterion for eligibility-that is, children were not selected on the basis of anatomical defect or type of surgery. The fluid used to prime the CPB circuit (the ''pump prime'') was usually a mixture of blood and stabilised human serum (SHS), a colloid prepared by the regional blood transfusion service (Western Province Blood Transfusion Service, Parow, South Africa). In children with severe preoperative polycythaemia, the pump prime Abbreviations: ABG, arterial blood gas; BE, base excess; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; PICU, paediatric intensive care unit; SHS, stabilised human serum; SID, strong ion difference; SIG, strong ion gap consisted of SHS alone. SHS contains 36 g/l albumin, 13 g/l immunoglobulin, 130 mmol/l sodium, and 130 mmol/l chloride. Blood and SHS were also the fluids of choice for intraoperative volume resuscitation, rather than 0.9% saline or Ringer's lactate.
Immediately on admission to PICU, blood was routinely sampled for arterial blood gas (ABG) analysis and electrolytes. Blood pH, pCO 2 , bicarbonate, and standard base excess (BE) were measured and derived using a Radiometer ABL 520 blood gas analyser (Copenhagen, Denmark). Serum electrolytes (sodium, potassium, calcium, magnesium, phosphate) were measured by the ion specific electrode method using a Beckman CX9 Pro analyser (Berlin, Germany). Serum lactate was measured by the enzymatic method using a Beckman CX5 analyser (Berlin, Germany). Serum albumin was measured by the reagent method using a Beckman CX9 Pro analyser (Berlin, Germany). Metabolic acidosis was defined as standard bicarbonate (SB) ,22 mmol/l. Clinically significant biochemical derangements were defined as albumin ,30 g/l, chloride .110 mmol/l, lactate .2 mmol/l, and SIG .2 mmol/l (see table 1 ).
A Fencl-Stewart approach, with the modifications of Figge, was used to derive calculated strong ion difference (SIDc), effective strong ion difference (SIDe), and strong ion gap (SIG). [16] [17] [18] [19] [20] Chloride was corrected for free water (cCl)-that is, to a serum sodium of 140 mmol/l, by multiplying the measured chloride:sodium ratio by a factor of 140 (see table 1 ).
The individual components of the standard base excess (BE) contributed by albumin (BE alb), free water (BE fw), chloride (BE cl), and lactate (BE lact), were calculated using the equations of Gilfix, incorporating normal values for the ion sensitive electrode method. [21] [22] [23] For the purposes of these calculations, reference values were taken as albumin 42 g/l, sodium 140 mmol/l, chloride 108 mmol/l, and lactate 1.5 mmol/l 22 23 (see table 2 ). Cardiac diagnoses and surgical procedures, duration of CPB, duration of aortic cross-clamp, % predicted mortality (using Paediatric Index of Mortality 1 at the time of the study period), duration of ventilation, duration of inotropic support, and duration of PICU stay (expressed as calendar days, or part thereof), and observed PICU mortality, were recorded. 24 Ethics approval was obtained from the university ethics committee. Continuous and categorical data were analysed by the Mann-Whitney and Fisher's exact tests respectively, and by linear regression, using Analyse-It statistical software (Analyse-It, UK). Data are reported as median (range), and n (%).
Two hundred and seventy eight paediatric cardiac surgical procedures were performed during the study period. One hundred and sixty nine (61%) were open procedures on CPB, of which 97 children (57%), median age 57 months (range 0.03-166), median weight 14 kg (range 2.1-50), were studied.
RESULTS
During the study period, paediatric cardiac surgical mortality was 3.6% (n = 10/278) overall, and 2.4% (n = 4/169) for open cases on CPB. Median predicted mortality was 2% (range 1-59%) for the study group (n = 97), in which there was a single non-survivor (observed mortality 1%). All 97 children were mechanically ventilated, with median duration of ventilation of 2 calendar days (range 1-16). Ninety five children (98%) were receiving inotropic support on return from theatre, of whom 11 (11%) received adrenaline by continuous infusion. Median duration of inotropic support was 3 calendar days (range 0-10). Ninety two children (95%) had two organ system failures (all cardiac and respiratory) and five children (5%) had three or more organ system failures. Median duration of PICU stay was 4 calendar days (range [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Acid-base data immediately on admission to PICU after cardiac surgery are shown in table 4. This group of children showed mild metabolic acidosis (median SB 20.1 mmol/l and BE 25.1 mEq/l) characterised by hyperchloraemia (median cCl 113 mmol/l). Half of the patients showed clinically significant hypoalbuminaemia (median albumin 30 g/l). There was no clinically significant excess of ''truly unmeasured'' anions or cations (median SIG 0.7 mEq/l).
Partitioned base excess (BE)
Calculated components of the total base excess are shown in table 5. The primary individual determinants of the total BE were chloride and albumin. The predominant contribution to the negative total base excess (median BE 25.1 mEq/l) was the chloride component (median BE cl 24.8 mEq/l), with a minor contribution by lactate and free water (median BE lact 20.3 mEq/l and BE fw 20.6 mEq/l). The negative BE contributions were partly offset by the positive albumin component (median BE alb +3.4 mEq/l). The median BE component due to the net effect of other measured (calcium, magnesium, phosphate) and ''truly unmeasured'' cations and anions was 21.6 mEq/l.
Albumin
Forty six children had clinically significant hypoalbuminaemia (47%). Hypoalbuminaemia was associated with a longer duration of inotropic support, median 3 days (range 1-10) compared to 2 days (range 0-10) (p = 0.047), and longer duration of PICU stay, median 4 days (range 2-11) compared to 3 days (range 2-20) (p = 0.009). There was no significant association between hypoalbuminaemia and increased adrenaline requirement (p = 0.14), CPB time (p = 0.55), aortic cross-clamp time (p = 0.29), predicted mortality (p = 0.17), or duration of mechanical ventilation (p = 0.09).
Metabolic acidosis
Seventy two children (74%) had a metabolic acidosis (see table 6 There was a single primary cause for the metabolic acidosis (n = 72) in 34 children (47%). The primary cause of metabolic acidosis was hyperchloraemia in 24 children (33%). Other primary causes of metabolic acidosis were rare, with raised lactate in one child (1%), and raised SIG in nine children (13%). The cause of the metabolic acidosis was mixed in 38 children (53%), in whom hyperchloraemia was one of the causative factors in 29 children (40%). In total, hyperchloraemia was a causative factor in 53 children (74%) with metabolic acidosis.
Chloride Hyperchloraemia was associated with reduced adrenaline requirement, with three (4%) hyperchloraemic children receiving adrenaline, compared to eight (28%) without hyperchloraemia (p = 0.005). However, there was no association between hyperchloraemia and increased CPB time 
DISCUSSION
The associations between cardiac surgical mortality, serious adverse events, and lactic acidosis in the immediate postoperative period have been well documented. 4 5 7 8 However, these studies reported mortality rates of 4-17%, whereas paediatric cardiac surgical mortality has fallen to ,2% in some centres. 4 5 7 8 26 The lactic acidosis outcome model may need to be reviewed in light of better postoperative survival, driven partly by general improvements in the outcome of paediatric intensive care and goal directed treatment guidelines. 26 27 This study has shown that although metabolic acidosis is common following CPB, it is rarely due to increase of lactate. Murray and colleagues have shown, in a mixed group of 44 children following both open and closed cardiac surgery, that metabolic acidosis due to hyperlactataemia was rare, whereas increase of ''unmeasured'' anions was the most common cause of metabolic acidosis in their study population. 28 In a sub-group of children undergoing CPB, hyperchloraemia was common, although the clinical significance of this abnormality was not clear. 28 Durward et al also showed, in children following CPB, that metabolic acidosis was most commonly due to either increase of the SIG or hyperchloraemia. 29 The prognostic significance of acid-base data is difficult to evaluate when cardiac surgical mortality is ,2%. We have used parameters such as predicted mortality and duration of intensive care as surrogate adverse endpoints. Despite the frequency of metabolic acidosis in this study, metabolic acidosis was not associated with severity of insult (CPB or aortic cross-clamp time), risk of death, or longer duration of cardio-respiratory support in the PICU. Hypoalbuminaemia is associated with both prolonged ICU stay and mortality in critical illness. 30 31 We have shown that hypoalbuminaemia is common in children following open cardiac surgery. Since preoperative serum albumin data were not collected, it is not possible to determine whether this finding is a consequence of nutrition, haemodilution, or an intraoperative acute phase response. Hypoalbuminaemia contributed a substantial positive component to the total base excess, an effect which might lead the clinician to underestimate the magnitude of an underlying metabolic acidosis. Given that hypoalbuminaemia, an alkalinising force, was associated with longer duration of both inotropic support and PICU stay, it is unsurprising that metabolic acidosis per se was not associated with these adverse endpoints. 32 33 Hyperchloraemia was the most common cause of metabolic acidosis in these children and contributed a substantial negative component to the total base excess. Animal work has shown that saline resuscitation leading to hyperchloraemic acidosis is less effective than resuscitation with a balanced electrolyte colloid solution, but it is not clear whether these findings may be extrapolated to intrinsic, rather than extrinsic, hyperchloraemic acidosis. 34 Our hypothesis that postoperative hyperchloraemic metabolic acidosis is a benign phenomenon that might not require escalation of therapy is supported by the data, in that hyperchloraemia was not associated with longer CPB, aortic cross-clamp time, or duration of cardio-respiratory support. Moreover, children with hyperchloraemia were less likely to require adrenaline infusion for inotropic support on return from the operating theatre.
The origin of the excess chloride may be the fluid used to prime the CPB circuit. Although the pump prime did not contain 0.9% saline, the colloid preparation contained chloride and sodium in a similar 1:1 ratio (130 mmol/l), which would tend to narrow the strong ion difference and generate hyperchloraemic metabolic acidosis. 15 35 It is also possible that renal perfusion is impaired during CPB, even in the absence of regional tissue hypoxia, leading to acute tubular necrosis with chloride sparing natriuresis. 10 36 Although it is generally accepted that sodium bicarbonate therapy is not appropriate for lactic acidosis, a case might be made for sodium replacement in hyperchloraemic acidosis, using sodium bicarbonate to lower the chloride:sodium ratio and increase the strong ion difference, rather than to replace bicarbonate. [37] [38] [39] In a haemodynamically stable postoperative patient, both renal impairment and the associated hyperchloraemic acidosis might be expected to resolve spontaneously, without escalation of cardiac support. In this study, the lack of association between hyperchloraemia and adverse endpoints, and the inverse association with adrenaline use, supports the view that hyperchloraemic metabolic acidosis does not require active intervention. Whether these findings might be extrapolated to postoperative metabolic acidosis after other types of surgery is a matter for further investigation.
In contrast to the findings of Murray et al, we found no excess ''truly unmeasured'' anions reflected in the SIG of this patient population. 28 This finding may be due to a real absence of such anions, or the simultaneous presence of excess unmeasured cations. Therefore the differences between our findings and those of Murray might be ascribed to the fact that all of our patients underwent cardiopulmonary bypass. 15 28 We speculated that such unmeasured cations might be derived from the globulin containing blood product used to prime the CPB circuit. 40 41 However, Durward et al showed not only that the SIG was a common cause of metabolic acidosis after CPB, but that the SIG was superior to lactate as a predictor of mortality following open cardiac surgery. 29 While there may have been differences in case mix between that patient population and our own, it is interesting to note that hyperchloraemia was also associated with survival in that study. 29 Mortality in this study group was only 1%. Patients were not pre-selected by diagnosis or surgical procedure at the time of enrolment and we believe the study group is representative of children undergoing open cardiac surgery at this institution, for whom overall mortality was comparable at 2.4%. However, palliative surgery for hypoplastic left heart syndrome is not offered at this centre and more than 90% of patients fell into surgical risk categories 2 and 3. 25 Therefore, our patient group may have a different morbidity profile, and spectrum of acid-base derangement, from that of centres in which high risk procedures form a larger proportion of the paediatric cardiac surgical workload.
Conclusion
In this group of children with low mortality following open cardiac surgery, hypoalbuminaemia and hyperchloraemia were the predominant acid-base abnormalities, whereas lactic acidosis, and SIG acidosis were rare. Hyperchloraemia following cardiopulmonary bypass appears to be a benign phenomenon and we suggest that hyperchloraemic metabolic acidosis should not prompt escalation of haemodynamic support. By contrast, hypoalbuminaemia, an alkalinising force, was associated with prolonged requirement for intensive care.
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